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What is their conservation status? 
Although mass-strandings of 
beaked whales provide a dramatic 
example of the vulnerability of 
these species to human activities, 
sonar exposure is not the only, nor 
necessarily the most important 
conservation threat to these large 
predators. Beaked whales live in 
areas that are hard to survey and 
their diving behavior precludes 
reliable visual counts, leading the 
IUCN to list most species as ‘data 
deficient’. Currently, we know next 
to nothing about how beaked whale 
populations are affected by potential 
environmental stressors, such as 
toxins, shipping noise, or bycatch in 
fisheries, nor do we know anything 
about their global population sizes.  
However, their distinctive frequency-
modulated clicks with potential 
species-specific differences now 
enable acoustic surveys to estimate 
habitat use and population sizes. 
The echolocation clicks, vital for 
their foraging, may thus also provide 
researchers with a unique window 
to study and protect some of the 
largest and most cryptic predators 
alive.
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PIWI-interacting RNAs (piRNAs) are 
single-stranded, 23–36 nucleotide 
(nt) RNAs that act as guides for an 
animal-specific class of Argonaute 
proteins, the PIWI proteins. The 
first piRNAs — derived from the 
Suppressor of Stellate locus in 
Drosophila melanogaster testes — 
were discovered in 2001. Although 
the authors noted the larger size of 
those ‘rasiRNAs’ (repeat-associated 
siRNAs), piRNAs were not recognized 
until 2006 as a distinct class of small 
silencing RNAs that derive from single-
stranded, rather than double-stranded 
RNA (dsRNA), precursors. It was their 
association with PIWI, but not AGO, 
proteins and their independence 
from Dicer — the RNase III enzyme 
that cleaves dsRNAs to release small 
interfering RNAs (siRNAs) — that 
finally distinguished piRNAs from 
siRNAs. Moreover, while siRNAs are 
expressed ubiquitously, piRNAs are 
predominantly found in animal gonads 
and are thought to be indispensable 
for fertility.
piRNA classification and evolution
piRNAs can be divided into four 
classes according to their origins and 
functions. The best-studied class 
corresponds to repeat-associated 
piRNAs, which silence transposons 
in insects and mice (Figure 1). The 
second class of piRNAs originates 
from the 39 untranslated regions 
(UTRs) of messenger RNAs (mRNAs; 
Figure 1). Examples of such mRNA-
derived piRNAs include piRNAs in the 
ovarian somatic follicle cells of flies 
and in the pre-pachytene, meiotic 
spermatocytes of mice. How mRNA-
derived piRNAs are made or what 
they do is unknown. The third class, 
exemplified by pachytene piRNAs 
in the mouse testis, derives from 
intergenic long non-coding RNAs 
(lncRNAs; Figure 1). Their targets 
and functions are also elusive. 
Nonetheless, these three classes 
of piRNAs are highly conserved 
and have been found in Cnidaria 
(Nematostella vectensis) and Porifera 
(Amphimedon queenslandica). The 
final piRNA class is Caenorhabditis-
specific. Worm piRNAs — called 21U 
RNAs — cooperate with 22G siRNAs 
to repress ‘non-self’ RNA transcription 
via histone methylation.
Argonaute
Argonaute proteins lie at the center 
of all small RNA pathways. During 
animal evolution, Argonaute proteins 
have diverged into two clades: 
AGO proteins, which associate with 
microRNAs (miRNAs) and siRNAs, and 
PIWI proteins, which bind piRNAs. 
Animals typically encode multiple 
PIWI-family members: most primates 
have four PIWI genes (PIWIL1–4), mice 
(Piwil1, Piwil2, Piwil4) and flies (piwi, 
aub, ago3) have three, and worms have 
two (prg-1, prg-2). Like most Argonaute 
proteins, even those in bacteria and 
archaea, both AGO and PIWI proteins 
possess highly conserved MID, PAZ 
and PIWI domains. The MID domain 
anchors the 59 end and the PAZ 
anchors the 39 end of the small RNA 
guide. Small RNAs such as piRNAs 
are positioned in the PIWI domain 
and guide Argonautes to their targets 
through Watson–Crick base pairing. 
With enough complementarity, the 
RNaseH-like structure of the PIWI 
domain cleaves the phosphodiester 
bond between the two nucleotides 
in the target RNA that base-pair with 
the 10th and 11th nucleotides of the 
small RNA guide. The side-chains of 
conserved aspartic acid and histidine 
residues in the PIWI domain form a 
DDH catalytic triad that coordinates a 
magnesium ion proposed to activate 
a nucleophilic water molecule that 
breaks the phosphodiester bond. A 
subset of PIWI proteins, including 
Drosophila Piwi and mouse MIWI2 
(officially PIWIL4), can repress 
transposon transcription by promoting 
histone or DNA methylation. Mutation 
of the catalytic triad of these proteins 
does not impair transposon silencing, 
yet their catalytic triad has been 
conserved in evolution, implying an 
undiscovered role for slicing by these 
PIWI proteins. In worms, 21U piRNAs 
guide the PIWI protein PRG-1 to initiate 
silencing of non-self RNA transcription 
via 22G siRNAs, which enter the 
nucleus and direct methylation of 
histone H3 lysine 9 (H3K9).
Tudor proteins
The gene tudor emerged in a 
genetic screen for flies that were 
grandchildless, like its namesake, 
the English Tudor royal family. Tudor 
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contains 11 Tudor (Tud) domains, 
which promote protein–protein 
interactions by folding into a -barrel 
structure that binds (6-N,6-N) methyl-
lysine and (6-N,6-N) methyl-arginine. 
Drosophila and mouse PIWI proteins 
have di-methylated arginines on their 
amino termini, and Tudor proteins 
are believed to serve as scaffolds 
that organize the components of the 
piRNA pathway into functional units. 
More than ten fly and eight mouse 
Tudor proteins function in the piRNA 
pathway: loss of any Tudor protein 
leads to sterility as well as a distorted 
piRNA pool. For example, loss of 
tejas and spindle-E eliminates most 
piRNAs in the Drosophila germline 
nurse cells but leaves the somatic 
follicle cell piRNA pathway unaltered. 
In contrast, female sterile (1) Yb (fs(1)
Yb) acts only in the somatic follicle 
cells. Other Tudor proteins are required 
in both somatic and germline cells: 
loss of vreteno cause a large decline 
in piRNAs in both tissues. While Tudor 
proteins are essential to the piRNA 
pathway, the detailed mechanisms by 
which these proteins function remain 
unknown.
Nuage
Animal germline cells feature 
a perinuclear structure termed 
nuage, French for ‘cloud’, reflecting 
its amorphous, electron-dense 
appearance under the electron 
microscope. In the fruit fly ovary, most 
germline piRNA pathway components 
localize to nuage, including the RNA 
helicases Vasa and Armitage, the PIWI 
proteins Aub and Ago3, as well as 
the Tudor proteins. The localization of 
piRNA pathway proteins within nuage 
builds on a foundation of Vasa: in vasa 
mutants, all known piRNA pathway 
proteins fail to localize to nuage. In 
tejas and spindle-E mutants, only Vasa 
remains in nuage, suggesting that 
the binding of Tejas and Spindle-E 
immediately follows the deposition 
of Vasa. Topping off the structure 
are the PIWI proteins Aub and Ago3: 
no known piRNA pathway proteins 
depend on aub and ago3 to localize to 
nuage.
In the mammalian testis — where 
piRNAs play an essential role in 
spermatogenesis — two different 
granular structures, ‘intermitochondrial 
cement’ (also called the ‘pi-body’) 
and ‘chromatoid body’ (also called 
‘piP-body’), take the place of nuage. 
In the embryonic testis, DDX4 
(mammalian Vasa), MILI (officially 
PIWIL2), TDRD1, and GASZ localize 
to the intermitochondrial cement. 
MIWI2, a PIWI protein found only 
in the embryonic and newborn 
testis, is found in a distinct granule 
containing the HMG box protein 
MAELSTROM, TDRD9 (the homolog 
of Spindle-E), and many proteins that 
are components of P-bodies, somatic 
cytoplasmic granules involved in 
RNA-degrading pathways such as 
nonsense-mediated decay (NMD) 
and miRNA-guided mRNA repression. 
The chromatoid body first appears in 
spermatocytes during Meiosis I and 
contains MIWI (officially PIWIL1), MILI, 
DDX4, MAELSTROM, TDRD1, TDRD6, 
and some P-body components. The 
co-localization of P-body components 
and PIWI proteins suggests that 
piRNAs are involved in mRNA turnover, 
but this idea remains to be tested.
piRNA clusters
The loci that give rise to piRNAs are 
not dispersed throughout the genome 
but rather are concentrated in specific 
piRNA ‘clusters’. The best-studied 
piRNA cluster is flamenco (flam), which 
was genetically defined as a locus 
required for transposon silencing long 
before the fly genome was sequenced 
or piRNAs were discovered. flamenco is 
predominantly, if not exclusively, active 
in the fly somatic follicle cells. Disruption 
of flamenco leads to derepression of 
somatic transposons, including gypsy, 
which forms viral particles that invade 
the adjacent germline and, ultimately, 
cause sterility. Early hypotheses 
assumed flamenco encoded a protein-
coding gene, but efforts to find 
protein-coding genes at the locus were 
fruitless. High-throughput sequencing 
of 18–30 nt RNAs demystified the 
identity of flamenco as a piRNA 
cluster that generates piRNAs from 
embedded transposon fragments, most 
of which are inserted in the antisense 
orientation. Therefore, flamenco 
piRNAs are predominately antisense 
to transposon RNA. A P-element 
insertion in the flamenco promoter 
abolishes piRNA production from 
this ~180 kb locus, suggesting that 
a single transcript spans the region. 
This observation, together with the 
finding that piRNA production in flies 
needs neither Dicer-1 nor Dicer-2, led 
to the belief that piRNAs originate 
from single-stranded RNA precursors. 
While flamenco produces piRNAs only 
from one strand (a ‘uni-strand’ cluster), 
most germline piRNA clusters produce 
piRNAs from both strands (‘dual-strand’ 
clusters). Unlike uni-strand clusters, 
which exhibit canonical polymerase 
II transcriptional signatures including 
enrichment of di-methylated histone H3 
lysine 4 (H3K4me2) at their promoters 
and 7-methylguanylate caps on the 59 
ends of their transcripts, dual-strand 
clusters lack those features and are 
enriched in the repressive H3K9me3 
mark. Interestingly, transcription of 
dual-strand clusters, but not uni-strand 
clusters, requires Rhino (a paralog 
of Heterochromatin Protein 1, HP1), 
Cutoff (a yeast Rai1-like protein), and 
Deadlock. Current evidence suggests 
that Rhino, Deadlock, and Cutoff 
form a complex that licenses dual-
strand clusters to produce piRNAs by 
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+
Transposon-derived
Locus
piRNAs
(anti-sense,
sense)
Primary
transcript(s)
Current Biology
Figure 1. Three types of piRNA genes in flies and mice.
The precursors of transposon-derived piRNAs are typically transcribed from both genomic 
strands and produce both sense and antisense piRNAs. In contrast, mRNA-derived piRNAs 
are always sense to the mRNA from which they are processed. Such piRNAs often come from 
39 UTRs. Long non-coding RNAs (lncRNAs) produce piRNAs from the entire transcript. piRNA 
function is only well understood for transposon-derived piRNAs.
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suppressing splicing or polyadenylation 
and cleavage of their transcripts. The 
DEAD box protein UAP56 then binds 
dual-strand-cluster transcripts and 
escorts them to the nuclear periphery 
opposite nuage, where, it is proposed, 
they are transferred to the piRNA 
biogenesis machinery to be processed 
into mature piRNAs.
The biogenesis of 39 UTR-derived 
piRNAs is also poorly understood. 
How the piRNA biogenesis machinery 
identifies certain mRNAs as its 
substrates remains one of the most 
mysterious questions in the field. 
Similarly, little is known about the 
biogenesis of intergenic piRNAs, 
which exist in mice but not in flies. 
The transcription factor A-MYB 
(MYBL1) regulates the transcription 
of many intergenic piRNA precursors 
in the mouse testis. Of note, A-MYB 
also drives the transcription of many 
genes encoding piRNA pathway 
components, such as MIWI and 
TDRD1. But how these long non-
coding transcripts, but not protein-
coding transcripts, are processed 
to become mature piRNAs is largely 
unknown. 
The biogenesis of Caenorhabditis 
elegans piRNAs differs from that in 
flies and mice. The 21U piRNAs are 
each independently transcribed as 
capped, 26–29 nt small RNAs. An 
8-nt motif located ~40 nt upstream 
promotes their coordinated 
transcription. The maturation of 21U 
piRNAs begins with the removal of the 
cap and two nucleotides from the 59 
end of the pre-21U piRNA transcript 
and ends with the trimming and 
29-O-methylation of their 39 ends.
piRNA maturation and function
After transcription, piRNA primary 
transcripts (pri-piRNAs) are 
processed to mature piRNAs. 
One hypothesis suggests that a 
single-stranded endoribonuclease, 
Zucchini, cleaves pri-piRNAs to 
create piRNA intermediates bearing 
a 59-monophosphate and 39-hydroxyl 
ends. Without Zucchini, pri-piRNA 
transcripts accumulate and mature 
piRNAs decline. A UPF1-like helicase, 
Armitage, participates in piRNA 
biogenesis at this step but its function 
still remains mysterious. It is believed, 
with some experimental support, that 
piRNA intermediates are loaded into 
PIWI proteins, then trimmed by a 39-to-
59 exonuclease to a length determined 
by the footprint of the PIWI protein.
Once bound to a piRNA, Piwi 
can enter the nucleus, where it is 
presumed to bind complementary 
nascent transposon transcripts. 
Piwi can then recruit histone 
methyltransferases that deposit 
the repressive H3K9me3 mark to 
establish heterochromatin and 
restrict transposon transcription. 
The mechanism employed by the 
germline piRNA pathway is more 
complex: the germline contains Piwi, 
Aub, and Ago3 and germline piRNAs 
mainly derive from dual-strand piRNA 
clusters and correspond to both 
sense and antisense transposon 
sequences. Curiously, Aub and Piwi 
seem to preferentially bind piRNAs 
in the antisense orientation while 
Ago3 tends to associate with sense 
piRNAs. Aub-bound antisense piRNAs 
typically start with a 59 uridine while 
Ago3-bound sense piRNAs often have 
adenosine as their tenth nucleotide. 
Complementarity between the first 
ten nucleotides of Aub- and Ago3-
bound piRNAs led to the hypothesis 
that sense piRNAs are generated by 
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Figure 2. The Ping-Pong cycle.
(A) In flies, piRNAs bound by Aubergine (Aub) and Ago3 typically overlap by ten nucleotides, 
suggesting that one piRNA was made by cleavage of its precursor by a PIWI protein guided 
by the other piRNA. (B) The Ping-Pong model for secondary piRNA biogenesis seeks to ex-
plain the unique relationship of Aub- and Ago3-bound piRNAs. Antisense piRNAs guide Aub 
to cleave transposon mRNA and cluster transcripts that contain transposon fragments. The 
resulting 39 cleavage products bear a 59 monophosphate, allowing them to load into Ago3. An 
unidentified, 39 to 59 exonuclease trims the Ago3-bound RNA to the proper length before Hen1 
methylates its 39 end. This process produces new piRNAs that are in the same orientation as 
the transposon. The piRNAs can now guide Ago3 to cleave piRNA precursor transcripts har-
boring complementary transposon fragments. These new 39 cleavage products can then be 
loaded into Aub, trimmed, and methylated, generating mature piRNAs that can guide Aub to 
initiate the next cycle.
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target cleavage directed by antisense 
piRNAs, and vice versa (Figure 2A).
Based on this, the Hannon and 
Siomi laboratories proposed the 
‘Ping-Pong’ model to explain the 
biogenesis of germline piRNAs in 
insects (Figure 2B). In this model, 
maternally deposited or newly 
synthesized Aub-bound, antisense 
piRNAs initiate the Ping-Pong cycle 
by cleaving transposon mRNA 
transcripts and generating sense-
oriented piRNA intermediates. The 
sense intermediates are loaded into 
Ago3 and trimmed to mature sense 
piRNAs. Because Aub prefers piRNAs 
that begin with uridine, the 39 cleavage 
fragment is expected to bear an 
adenosine as its tenth nucleotide. 
These Ago3-bound, sense piRNAs can 
then bind and cleave the antisense 
transposon sequences present in 
the transcripts of the original piRNA 
cluster, producing piRNA intermediates 
that begin with uridines — a substrate 
that reinitiates the cycle. The model 
suggests that the piRNA biogenesis 
pathway is an adaptive system that 
silences active transposons with 
sequences complementary to piRNA 
cluster transcripts. Experiments in 
cultured, immortalized silkworm 
germline cells suggest that the DEAD-
box RNA helicase Vasa assembles a 
complex with transposon transcripts, 
Aub, Ago3, and the Tudor protein Qin. 
After Aub cleaves the transposon, 
Vasa facilitates the transfer of the 39 
cleavage product to Ago3. Without 
Qin, the interaction between Aub 
and Ago3 is weakened, and piRNA 
amplification occurs mainly between 
Aub proteins. For unknown reasons, 
piRNAs generated from such 
homotypic Ping-Pong cannot silence 
transposons.
In the mouse testis, piRNAs are 
even more complex, with three 
types of piRNAs appearing during 
spermatogenesis: prenatal piRNAs 
from repetitive sequences, mRNA-
derived piRNAs from 39 UTRs, 
and pachytene piRNAs from long 
non-coding transcripts. Prenatal 
piRNAs bind both MIWI2 and 
MILI. MIWI2 begins to accumulate 
around 14.5–15.5 days post coitum 
(dpc), declines starting at birth, 
and becomes undetectable ~4 
days post partum (dpp), when 
prospermatogonial cells re-enter the 
mitotic cell cycle and initiate the first 
wave of spermatogenesis. Like fly 
Piwi, MIWI2 silences transposons 
transcriptionally; its endonuclease 
activity is dispensable for transposon 
repression. MILI expression begins in 
the embryonic testis (12.5 dpc) and 
lasts until the round spermatid stage, 
near the end of spermatogenesis. It 
binds all three groups of piRNAs. In 
the embryonic testis, MILI performs 
‘Ping-Pong’ with itself, amplifying 
the piRNA pool before presenting 
mature piRNAs to MIWI2, which 
translocates into the nucleus and 
recruits the DNA methyltransferase 
DNMT3L to methylate and repress 
transposon loci. Loss of MIWI2 or 
MILI leads to loss of DNA methylation, 
derepression of transposons, defects 
in spermatogenesis, and sterility. Most 
of the prenatal piRNA clusters are 
insertions of individual transposons or 
transposon fragments. Consequently, 
~40 times more clusters are required 
in mice than in flies to account for the 
sources of the same percentage of 
piRNAs.
Sequencing of small RNAs after 
birth and before the pachytene stage 
(i.e., ‘pre-pachytene’) identified the 
second group of mouse piRNAs: 
mRNA-derived piRNAs. While some 
transposon-mapping piRNAs remain 
in the pre-pachytene spermatocytes, 
these could have been made 
during the earlier, mitotic stages of 
spermatogenesis. Most pre-pachytene 
piRNAs are mRNA-derived; they 
typically map to the 39 UTRs of 
protein-coding genes. Because small 
RNAs are used as guides to identify 
targets by nucleotide complementarity, 
it is a great mystery what function 
such mRNA-derived — i.e., sense — 
piRNAs could serve.
In response to a transcriptional 
program orchestrated by the 
transcription factor A-MYB, MIWI, 
additional piRNA pathway proteins, 
and the pachytene piRNAs emerge 
beginning at 12.5 dpp. The pachytene 
piRNAs rapidly grow to numbers that 
dwarf the abundance of the other two 
piRNA types, and they remain the 
most abundant piRNA population in 
the adult mouse testis. Mouse piRNA 
production requires most of the genes 
encoding homologs that function 
in the fly piRNA pathway, including 
the Zucchini homolog MitoPLD, 
the Armitage homolog Mov10l1, 
and several Tudor proteins. Loss of 
A-MYB, MIWI, or other members of 
the pachytene piRNA pathway blocks 
spermatogenesis and causes male 
sterility. Nonetheless, how pachytene 
piRNAs are made or what they do 
remains unknown.
Despite a dozen years of intensive 
molecular scrutiny, how piRNAs are 
made or what they do remain less 
well understood than either of the 
closely related miRNA and siRNA 
pathways. Unlike the miRNA and 
siRNA pathways, the piRNA pathway 
lacks good biochemical and cell 
culture tools to analyze its molecular 
details, especially for mRNA-derived 
and intergenic piRNAs. Moreover, both 
the sources and targets of transposon-
silencing piRNAs often lie in parts of 
the genome that remain incompletely 
sequenced and incompletely 
assembled. New long-read sequencing 
technologies promise to close these 
genomic gaps, and new cultured cell 
models to study piRNAs are being 
developed in several laboratories. The 
future is big for these tiny RNAs.
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